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Abstract.We study nonlinear structure formation in the Bound Dark Energy model (BDE),
where dark energy (DE) corresponds to a light scalar meson particle φ dynamically formed at
a condensation energy scale Λc. The evolution of this dark-energy meson is determined by the
potential V (φ) = Λ4+2/3c φ−2/3, with a distinguishing phenomenology from other quintessence
scenarios. Particularly, the expansion rate of the universe is affected not only at late times,
but also when the condensation of φ occurs, which in linear theory leads to an enhancement
(with respect to standard ΛCDM) of matter perturbations on small scales. We study how
much of this signature is still present at late times as well as the properties of dark matter
halos in the nonlinear regime through N-body simulations. Our results show that nonlinear
corrections wash out this feature from the matter power spectrum even before DE becomes
dominant. There is, however, a small but clear suppression of the BDE spectrum of 2%
today on the largest scales due to the distinct late-time dynamics of DE. The differences
on the clustering power between BDE and ΛCDM are reflected in the halo mass function,
where small halos are more abundant in BDE as opposed to large heavy structures, whose
formation is delayed because of the expansion history of the universe. This result is well
captured by the semi-analytical Sheth-Tormen formula. However, despite these differences,
the halo concentration parameter is essentially the same in both models, which suggest that
clustering inside the halos decouple from the general expansion once the halos form.
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1 Introduction
Research done over the last twenty years has firmly established that the universe is currently
expanding at an accelerating rate [1–3]. Assuming that General Relativity still provides an
accurate description of gravity on cosmological scales, the late-time cosmic acceleration can
be interpreted as the dynamical effect on the motion of galaxies and structures because
of the pressure exerted by dark energy (DE), which in the standard concordance model
(ΛCDM) is fully characterized by a cosmological constant (Λ). The cosmic abundance of DE
is constrained to about 70% of the energy content of the universe at present time, while 26%
consists of Cold Dark Matter (CDM) and the remaining 4% is left to the Standard Model (SM)
particles [4]. Despite the success of the concordance model in providing a simple theoretical
framework to account for observations, the physical nature of DE is still a mystery. The main
problem in attributing DE to a cosmological constant is the disturbing discrepancy between
the theoretically predicted estimations and its observed value, an issue that is commonly
referred to as the fine-tuning problem [5–7]. The inability of standard physics to explain
this discrepancy impels the quest of alternative DE candidates, such as quintessence [8, 9],
modified gravity theories [10], and other theoretical scenarios [11, 12].
The progress made in observational cosmology since the discovery of the cosmic acceler-
ation now allows us to assess the viability of these alternative scenarios as well as to look for
deviations with respect to ΛCDM that may be detectable in the future. Such departures from
standard ΛCDM may be looked in the Large Scale Structure (LSS) of the universe, where
DE is expected to leave imprints by its effects on the expansion history and the presence of
DE perturbations [13–16]. In recent times N-body simulations have become a powerful tool
to explore the impact of DE on the distribution of matter across the universe, the formation
of cosmic structures and their dynamical properties [17, 18]. These simulations serve as nu-
merical laboratories to study physical processes on scales where linear perturbation theory is
no longer valid. The increase of computational power and the development of more efficient
algorithms make it now possible to run large N-body simulations within a reasonable period
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of time and consequently it paves the way for a systematic study of different DE scenarios
[19–26].
In this paper we study structure formation in the Bound Dark Energy (BDE) model
[27–32]. BDE is a quintessence theory aiming to explain the nature of DE through a natural
extension of the SM. Inspired by supersymmetry and unification schemes, the model intro-
duces a hidden dark gauge group (DG) of light particles coupled with the SM sector only
through gravity below the unification scale. At high energies the gauge coupling of the DG is
weak and the energy density of these light particles dilutes as radiation. When the tempera-
ture drops off and a critical energy density scale (Λc) is reached, the gauge coupling of the DG
becomes strong and now these particles condense into composite states. DE is the lightest
composite state corresponding to a scalar meson φ whose dynamical evolution is determined
by an inverse power-law potential (IPL) V (φ) = Λ4+2/3c φ−2/3. The condensation energy scale
Λc, the exponent α = 2/3 of the potential and the epoch ac where the condensation of the
scalar meson φ occurs are not free cosmological parameters, but they depend on the properties
of the DG. Therefore, we note that in this scenario the scalar field representing DE is not a
fundamental entity in nature, but it results from the interaction between the particles of the
DG, which have the same primitive status as the other fundamental particles of the SM. The
dynamical evolution of DE in BDE, its effects on the expansion history of the universe and
the cosmological implications of the model differ from other scalar field theories, even for the
case of the well-known Ratra-Peebles IPL potential V (φ) = M4+αφ−α [33–35]. Moreover, the
initial conditions of the field at ac are also determined by the symmetry breaking scale Λc of
the DG and therefore the amount of DE at any time can be straightforwardly predicted from
the solution of the background equations.
We developed these ideas and presented the constraints on the BDE model using recent
observational data in [31, 32]. Our analysis was limited to the predictions arising from the
background dynamics and the linear perturbation theory. BDE fits well the data, particularly
Baryon Acoustic Oscillations (BAO) measurements, where we found a systematic better fit
than standard ΛCDM, leading to interesting tensions that might be useful to discriminate
between these two scenarios. Additionally, we found interesting signatures in the matter
power spectrum, which records the condensation of the BDE meson as an excess of power on
small scales, and the late-time dynamics of the DE as a suppression of power on large scales.
In view of the importance of structure formation data on DE studies in the forthcoming years,
here we extend our previous work to investigate the clustering of matter in the BDE model
in the non-linear regime.
This paper is organized as follows. In section 2 we make a short review of BDE. We
describe the theoretical foundations and the basic equations of the model and we discuss
the impact of BDE on the expansion rate. In section 3 we discuss the effects of BDE on
structure formation in the linear and quasilinear regimes. We present the setup of our N-
body simulations and discuss our results in section 4. Finally, we summarize our findings
and state our conclusions and prospects in section 5. In this paper we adopt some of the
notational conventions commonly found in the literature. Particularly, a denote the scale
factor of the universe, which is related with the cosmological redshift z by 1 + z = 1/a for
a flat Friedmann-Lemaître-Robertson-Walker metric, G is the gravitational constant, and
overdots denote cosmic-time derivatives.
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2 The Bound Dark Energy model
Our Dark Energy model [27–32] introduces a supersymmetric SU(Nc) gauge group of light
particles with Nc = 3 colors and Nf = 6 flavors in the fundamental representation. Since this
Dark Group is postulated as an extra ingredient of the constituents of matter, neither Nc nor
Nf represent cosmological free quantities, but they are input parameters whose fundamental
status is the same as the other input parameters of the SM. The DG is unified with the SM
sector at the unification scale ΛGUT ≈ 1016GeV, below which they interact only via gravity.
At high energies the gauge coupling of the DG is weak, so the light particles of the group are
asymptotically free and the DG contributes to the total amount of radiation of the universe.
The gauge coupling evolves over time growing at low energies as the universe expands and
cools down. When a critical energy scale Λc is reached at a scale factor ac (related each
other by acΛc/eV = 1.0939 × 10−4 in a 3 massless neutrino species scenario), the coupling
becomes strong and the particles of the DG bind together forming composite states. The
lightest formed state corresponds to a scalar meson described by a scalar field with an IPL
self-interaction term
V (φ) = Λ4+2/3c φ
−2/3. (2.1)
This meson represents the DE and it is precisely the aforementioned binding mechanism where
the name BDE is given to our dark energy model.
After the particles of the DG condense into BDE, the extra relativistic degrees of free-
dom of the DG vanish and the cosmological evolution of the scalar field is analytically de-
scribed by the canonical quintessence formalism [8, 9]. The evolution of the scalar field at
the homogeneous-background level is governed by the Klein-Gordon equation
φ¨+ 3Hφ˙+
dV
dφ
= 0, (2.2)
with a frictional term depending on the expansion rate of the universe (H ≡ a˙/a), and the
steepness of the scalar potential dV/dφ acting as a driving force. The energy density and the
pressure of the field are given by
ρBDE =
1
2
φ˙2 + V, PBDE =
1
2
φ˙2 − V, (2.3)
leading to a time-varying equation of state (EoS)
w ≡ PBDE
ρBDE
=
1
2 φ˙
2 − V
1
2 φ˙
2 + V
, (2.4)
whose value depends on the competition between the kinetic and potential energy of the field.
We presented the constraints on the BDE model using recent measurements of the CMB
temperature anisotropy spectrum [4], the distance modulus of type Ia supernovae (SNeIa) [36]
and the BAO distance ratio [37–39] in [31, 32]. According to our results, the condensation of
BDE occurs at ac = (2.48±0.02)×10−6 and the energy scale of condensation is Λc = 44.09±
0.28 eV, which remarkably lies in the range of our theoretical prediction Λthc = 34
+16
−11 eV
derived from the one-loop renormalization equation of the gauge-coupling constant of the
DG.
Figure 1a shows the evolution of the EoS over time. Before condensation, when the DG
is present the EoS is simply wBDE = 1/3. When condensation occurs, the EoS leaps abruptly
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Figure 1. (a) Evolution of the Equation of State (EoS) of dark energy in the BDE model. (b) Density
parameter of radiation (red), matter (black) and dark energy (blue) in BDE. Inner subplots show these
quantities at late times as a function of the cosmological redshift z. Vertical dotted lines mark the
condensation epoch of BDE (ac), matter-radiation (aeq) and matter-dark energy (aDE) equivalence,
respectively.
to wBDE ' 1 and the scalar field behaves as a stiff fluid for a while. Next, shortly before
recombination (z∗ ≈ 1090) the EoS drops to wBDE ' −1 and now the scalar field mimics a
cosmological constant wΛ = −1. Finally, the EoS grows at late times reaching its present
value wBDE0 = −0.9294 ± 0.0007, which is shown in more detail in the inner subplot. Note
how cosmological data tightly constrain the EoS in our model. Figure 1b shows the density
parameter Ωi = ρi/ρcrit (with ρcrit = 3H2/(8piG), see eqs. (2.5) and (2.6) below) of matter,
radiation and DE. Shortly before condensation the DG amounts to ΩDG = 0.112 the energy
content of the universe. This is also the initial density parameter of BDE, since the energy of
the DG is completely transferred to the scalar BDE mesons at ac [29]. When the EoS leaps
to wBDE ' 1 the energy density of BDE redshifts as ρBDE ∝ a−6 and the scalar field dilutes
more quickly than matter and radiation. This rapid dilution of BDE just after ac leaves and
interesting imprint on the growth of matter perturbations in linear theory and one of the
goals we pursue in this research is to find out how much of this signature is still present when
nonlinear dynamics is taken into account. The scalar field is rapidly diluted and it remains
subdominant for most of the history of the universe. When the EoS drops to −1 mimicking a
cosmological constant, ρBDE = const and the density parameter of BDE reaches its minimum
value and then starts growing, since both matter and radiation are further diluted. Finally,
wBDE departs from −1 at late times, the matter-DE equality epoch arrives at zDE = 0.34,
and BDE becomes dominant with ΩBDE0 = 0.696± 0.007 today.
The immediate effect of this DE dynamics is reflected in the expansion rate of the
universe. Before ac when the DG is present we have:
H2 =
8piG
3
(ρm + ρr + ρDG) for a < ac, (2.5)
where ρm ∝ a−3 and ρr ∝ a−4 are the energy densities of matter and SM radiation, re-
spectively, and ρDG = (2Λ4c/[1 − wBDE(ac)])a−4 is the energy density of the DG, with
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Figure 2. (a) Relative difference of the expansion rate (H) in BDE with respect to ΛCDM over
time. In both models, the present amount of matter is Ωm = 0.305 and the expansion rate today is
H0 = 67.68 km s−1Mpc−1. Vertical dotted lines mark the same epochs as in figure 1. (b) Relative
difference of H at late times as a function of the cosmological redshift z.
wBDE(ac) = 1/3. After condensation, the expansion rate is
H2 =
8piG
3
(ρm + ρr + ρBDE) for a > ac, (2.6)
with ρBDE given by the first equation of (2.3). Figure 2a shows the relative difference (H −
HΛCDM)/HΛCDM with respect to a ΛCDM cosmology with H2ΛCDM =
8piG
3 (ρm + ρr + ρΛ)
and ρΛ = Λ/(8piG). In this plot, both models run with the same set of parameters, that
is, the Hubble rate and the matter density today is the same, which automatically implies
an equal amount of DE at present time (since ρr depends only on the CMB temperature
today). Therefore, any difference we observe is due to the effects of the distinct DE dynamics
on the expansion history of the universe. Initially, the DG enhances the expansion rate
in BDE by about the 6%. However, once the particles of the DG condense into BDE the
scalar field quickly dilutes leaving only matter and standard radiation. Since ρΛ in ΛCDM
is still negligible at these times, by the matter-radiation equality epoch (aeq) arrives the
expansion rate in both models is practically the same and therefore the relative difference is
null. Later on, when DE becomes relevant, the expansion rate in BDE is once again larger
as shown in Figure 2b in more detail. As we mentioned before, the density of DE and the
expansion rate today is the same in both models. However, as we run the picture backwards
ρBDE ∝ a−3(1+wBDE) > ρΛ, since wBDE > −1 and therefore the expansion rate in BDE is
larger. The maximum deviation with respect to ΛCDM at late times only amounts to 1.4%
at z ≈ 0.5, very close to zDE. As we proceed to earlier times, ρBDE is frozen to a nearly
constant value, since wBDE approaches to −1. However, although the expansion rate is still
larger in BDE, the difference with respect to ΛCDM gradually vanishes as the matter is
dominant. The end result of all these processes is the bump in the plot.
We stress that these differences correspond when both models run with the same set of
cosmological parameters. The modification of the expansion rate in BDE leaves interesting
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Figure 3. (a) Ratio of matter perturbations (in Newtonian gauge) between BDE and ΛCDM for
modes k[hMpc−1] = 10 (black), 6.37 (red), 0.1 (green) and 0.05 (blue). The curve for k = 0.05hMpc−1
overlaps the curve for k = 0.1hMpc−1. The vertical dotted lines mark the same epochs as in figures
1 and 2. (b) Ratio of matter perturbations at late times (as a function of the cosmological redshift,
z) for the same modes.
imprints on different quantities that can be used to constrain the model. However, since
our main concern in this paper is to study the intrinsic effect of BDE on nonlinear structure
formation, we shall use the same set of cosmological parameters when we compare our results
with the ΛCDM predictions, as we just did. A full discussion on how BDE fits observations
and how these fits compare with those of ΛCDM can be found in [31, 32].
3 Linear and quasilinear structure formation in BDE
3.1 Linear perturbation theory
Large-scale structure formation is mainly driven by the dynamics of the CDM involving only
gravitational physics. In the standard picture, structure formation proceeds from the collapse
of initial small perturbations of CDM into dense knots called halos, which in turn cluster into
filaments and sheets [40]. The resulting DM network serve as the skeleton around which
ordinary matter accretes to form stars and galaxies. By observing these objects we expect
to trace back the underlying structure and learn its properties. The effects of DE on this
process come from the expansion rate and the DE perturbations. Unlike the cosmological
constant, alternative models introduce DE inhomogeneities, which do have an impact on the
evolution of radiation and matter perturbations [16, 41–44]. In general terms, the approach
to structure formation depends on the size of the density fluctuations (δ ≡ δρ/ρ¯) around the
homogeneous background (ρ¯) and is roughly divided into three regimes. In the linear regime
these fluctuations remain small enough to be accurately described by linear perturbation
theory, which can be efficiently implemented in Boltzmann codes such CAMB [45]. We have
studied the effects of BDE on the evolution of matter perturbations in the linear regime in
[31, 32]. Here we summarize our findings.
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Figure 3a shows the ratio Qm ≡ δBDEm (k)/δΛCDMm (k) of matter perturbations in BDE and
ΛCDM for different modes k in the Newtonian gauge defined by the scalar potentials Ψ and Φ
through the line element ds2 = −(1+2Ψ)dt2+a2(1−2Φ)δijdxidxj , with δij the Kronecker delta
[46]. Initially Qm is constant since all the modes lie outside the horizon and therefore they do
not evolve over time yet, as expected in this gauge. The initial suppression in BDE is due to
the extra relativistic degrees of freedom of the DG affecting the initial overdensities δm through
Ψ [32, 46]. Perturbations start evolving after the horizon-entry epoch ah defined implicitly
by k = ahH(ah) for each mode. We see that small modes k > kc = acH(ac) = 1.37h Mpc−1
crossing the horizon before condensation evolve quite differently than large modes k < kc
whose horizon-entry epoch occurs after that. Small modes k > kc are further suppressed in
BDE since the entry epoch is delayed with respect to ΛCDM because of the DG. However,
once they cross the horizon also in BDE, the growth rate is larger than in ΛCDM and therefore
Qm increases leaving the troughs we see before ac. Next, when condensation of BDE occurs
the EoS leaps abruptly to 1 and the energy density is rapidly diluted as ρBDE ∝ a−6 (see
figure 1). Although the universe expands faster in BDE as shown in figure 2a, the growth rate
of matter perturbations is further enhanced since deceleration a¨/a = −8piG(2ρr + 4ρBDE)/3
is more efficient because of the extra (fading) term 4ρBDE, which is larger than 2ρr by 25% at
ac. As a result, Qm is boosted above 1 for these modes, reaching a maximum of Qm = 1.085
for k = 6.37h Mpc−1 before matter-radiation equivalence. After that, matter overdensities
scale simply as δm ∝ a during matter domination and Qm is constant again. Finally, when
dark energy becomes dominant at late times the growth rate in BDE is smaller and Qm
is uniformly suppressed for all modes by −1.14% the constant value it had during matter
domination, as shown in detail in figure 3b. On the other hand, large modes k < kc are
mainly affected by this late-time signature of the model. The transition from the DG to
BDE leaves perturbations with the same amplitude δm ∝ Φ as in ΛCDM, since these modes
are still outside the horizon and Φ is the same once the relativistic degrees of freedom of
the DG vanish at ac [46]. The transient leap seen in the plot is nothing more than a gauge
effect arising from the leap of the EoS on the synchronous potential η used to convert matter
overdensities to Newtonian gauge in CAMB.
We see that BDE impacts the evolution of matter perturbations not only at late times
as is expected, but there is also a distinctive imprint left by BDE condensation and rapid
dilution. These two effects are manifest in the matter power spectrum in figure 4, where the
lower panel displays the relative difference with respect to ΛCDM. At z = 0 the spectrum in
BDE is generally suppressed by 2% on all scales because of the late-time dynamics of DE,
but this suppression is overwhelmed on small scales by the enhancement effect due to BDE
rapid dilution at ac, which leads to an excess of power of 15% at k ≈ 6.37h Mpc−1. In fact,
we can isolate these two effects by looking at the spectrum at earlier times, when DE is not
dominant yet. For example, at z = 4 matter perturbations on large scales have the same
amplitude as in ΛCDM as shown in figure 3. At that time the spectrum is not suppressed
yet and the only feature we see in figure 4 is the excess of power on small scales.
It is important to bear in mind the physical context where these predictions hold. First
of all, modes evolve uncoupled each other in linear theory, which means that there is no
transfer of features between different scales. Secondly, the imprint left by BDE dilution on
the matter spectrum is a relic effect of physical phenomena that took place in the early
universe, almost 5 e−folds before matter-radiation equivalence. The small modes where this
feature is imprinted have grown enough to enter the nonlinear regime, where new phenomena
comes into play and linear perturbation theory is not valid anymore. Among the questions we
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Figure 4. Matter power spectrum at z = 0 (solid) and z = 4 (dashed) for BDE (blue) and ΛCDM
(red) in linear perturbation theory. The bottom panel shows the relative difference with respect to
ΛCDM.
address in this research is to determine how much of this signature remains when nonlinear
phenomena are taken into account.
3.2 Semi-analytical models
Before matter perturbations grow enough to form fully nonlinear structures, there is an inter-
mediate regime where is possible to study the transition from small perturbations to collapsing
objects. This can be used to estimate the abundance of formed structures and to look for
possible imprints of DE [26, 47]. There are many estimations [48] of the mass distribution of
formed structures available in the literature, all of which can be compactly written as
dn
d lnM
= f(σR)
ρ¯m0
M
d lnσ−1R
d lnM
, (3.1)
where dn/d lnM is the differential number density of structures per logarithmic mass bin,
ρ¯m0 is the background density of matter today, and f(σR) is a function of the variance of the
matter contrast field smoothed on a comoving length scale R given by
σ2R(z) =
1
2pi2
∫ ∞
0
k3P (k, z)|WR(k)|2d ln k, (3.2)
with P (k, z) the linear matter power spectrum and WR(k) the Fourier transform of a top-hat
spherical function of radius R enclosing a mass M = 4/3piρ¯m0R3.
The explicit functional form of f(σR) can be completely deduced from theoretical con-
siderations as done in the original Press-Schechter theory [49], where spherical collapse is
assumed and the abundance of structures is estimated by counting the number of overdense
regions above some collapse threshold δc ≈ 1.686 in a Gaussian random field. In this case,
f(σR) is given by
fPS =
√
2
pi
δc
σR
exp
(
− δ
2
c
2σ2R
)
(3.3)
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Figure 5. Mass function for BDE (blue) and ΛCDM (red) at z = 0 using the Press-Schechter [49]
and the Sheth-Tormen [50] formulas. The lower panel shows the relative difference with respect to
ΛCDM. The shaded area marks the mass range we study in our N-body simulations (section 4.3).
A more general approach considering ellipsoidal collapse instead of spherical collapse is pro-
posed in [50], where
fST = A
√
2a
pi
[
1 +
(
σ2R
aδ2c
)p]
δc
σR
exp
(
− aδ
2
c
2σ2R
)
, (3.4)
with A = 0.3222, a = 0.7071, and p = 0.3 additional parameters set by calibrating with
numerical simulations. Other forms of f(σR) are extensions of these functions with parameters
that need also to be calibrated from simulations [48].
Figure 5 shows the predicted mass function for BDE and ΛCDM at z = 0 using the Press-
Schechter (equation (3.3)) and the Sheth-Tormen (equation (3.4)) formulas. For the sake of
reference, the shaded area shows the mass range spanned in our N-body simulations (see
section 4.3). Despite the systematic discrepancy between the Press-Schechter and the Sheth-
Tormen predictions, the difference between BDE and ΛCDM is very similar. We see that there
are less structures in BDE for M & 8 × 1013h−1M, where we found that σΛCDM > σBDE
and consequently the mass function is more suppressed by the exponential term in f . The
opposite occurs for light structures, where the abundance is enhanced in BDE reaching an
excess of 4% at M ≈ 4.1× 1011h−1M.
4 Nonlinear structure formation in BDE
4.1 N-body simulations setup
In order to determine how BDE affects structure formation in the nonlinear regime, we pre-
pared a suite of numerical simulations using the adaptive mesh refinement N-body code
RAMSES [51]. This code allows the computation of high-resolution gravitational interactions
1Not to be confused with the cosmological scale factor.
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Number of particles Npart = 5123
Box size Lbox = 200h−1 Mpc
Mass of DM particles Mpart = 5.05× 109h−1M
Initial redshift zini = 49
Final redshift z0 = 0
Realizations 5
Baryon density Ωbh2 = 0.02252
Dark matter density Ωch2 = 0.1173
Dimensionless Hubble parameter h = 0.6768
Spectral scalar index ns = 0.9774
Amplitude parameter As = 2.367× 10−9
Optical depth at reionization τ = 0.117
Table 1. Technical specifications and cosmological parameters of the N-body simulations considered
in this paper. The present amount of matter and DE is Ωm = 0.305 and ΩDE = 1 − Ωm = 0.695,
respectively. Given the basic cosmological parameters, the corresponding value of σ8 at z = 0 (see
equation (3.2)) is σBDE8 = 0.854 for BDE and σΛCDM8 = 0.864 for ΛCDM, respectively.
by automatically refining the spatial grid in those regions where the number of particles ex-
ceeds some threshold. Since BDE does not appreciably cluster on sub-horizon scales [32], the
smooth field approximation is valid and we only modified the code to account for the proper
background evolution [18]. The Hubble expansion rate can be efficiently determined during
the run by interpolating its value from a precomputed table instead of solving the Klein-
Gordon and Friedmann equations (2.2) and (2.6), respectively. Table 1 lists the setup of our
simulations and the cosmological parameters we used in our analysis. This is the same set of
cosmological parameters we have been using in our previous discussions. The corresponding
density parameter of matter and DE today are Ωm = 0.305 and ΩDE = 1 − Ωm = 0.695,
respectively. We also prepared a suite of N-body simulations for ΛCDM using the same con-
figuration. As we mentioned before, we shall use the same cosmological parameters to isolate
the effects of the dynamics of DE on the quantities we are studying. In each case, we ran five
realizations varying the seed for the initial conditions, which were accordingly prepared using
the second-order Lagrangian perturbation-theory code 2LPTic [52]. All simulations ran from
zini = 49 up to the present epoch z0 = 0. For BDE we modified 2LPTic so that the program
takes as input the full linear power spectrum from CAMB at zini and outputs the corresponding
positions and velocities of the DM particles needed in RAMSES. Later on, we measured the
spectrum at zini from our simulations and verified that the linear spectrum is consistently
retrieved.
4.2 Matter power spectrum
We measure the matter power spectrum in our simulations using the public code POWMES [53]
with a grid size of Ng = 2N
1/3
part = 1024 to achieve a higher resolution. This allows us to
measure the spectrum up to k = 32h Mpc−1 large enough to probe any excess of power on
small scales, as predicted by linear theory. Figure 6 shows our results at different redshifts.
The solid lines in the top panels correspond to the spectra obtained from linear theory (Pl),
which were computed using CAMB, while the symbols show the binned spectra measured in our
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Figure 6. Matter power spectrum in BDE (blue) and ΛCDM (red) at different redshifts. In the
top panel the symbols show the average of the nonlinear spectra measured in our simulations across
the five realizations, while the error bars indicate the standard deviation. The solid curves show
the predictions from the linear theory. The lower panels display the relative difference of BDE with
respect to ΛCDM of the nonlinear power spectrum (symbols) and the linear theory (solid).
simulations (Pnl) and the error bars indicate the standard deviation across the five realizations
in each case. The lower panels show the relative difference with respect to ΛCDM in linear
theory (solid) and in our simulations (symbols).
On large scales k . 0.1h Mpc−1, where linear theory is valid and the spectrum is mainly
determined by the spatial distribution of the halos [40, 54], the results of our simulations
agree with linear theory, as expected. At high redshifts there is no difference with respect
to ΛCDM, but as time goes by the spectrum in BDE is gradually suppressed from −1% at
z = 0.8 to −2% today. This feature is just the late-time suppression effect due to the distinct
DE dynamics in BDE, which affects all the modes in the same way, as we previously discussed
in section 3.1. In the intermediary regime 0.1h Mpc−1 . k . 1h Mpc−1 nonlinear corrections
start to come into play especially at late times, where collapsing structures have evolved so
much since they broke away from the background expansion. However, the departures from
ΛCDM in our simulations are the same as those the linear theory predicts, except for the
slight suppression near k = 1h Mpc−1, which at z = 0 drives further the difference between
BDE and ΛCDM to −3% around k ≈ 0.6h Mpc−1.
It is interesting to see what happens on small scales k & 1h Mpc−1. We recall that in this
regime linear theory predicts more power in BDE as a consequence of the modification of the
expansion rate of the universe when the scalar field is rapidly diluted after ac. The enhance-
ment of matter perturbations affects the modes k & kc = 1.37h Mpc−1 crossing the horizon
before ac, leaving a maximum deviation with respect to ΛCDM at kmax ≈ 6.37h Mpc−1, as
seen in the plots of the bottom panels of figure 6. Note that the position of the peaks re-
mains the same and it is only the height that is decreasing because of the mode-independent
late-time suppression effect. When we take into account nonlinear gravity interactions in our
N-body simulations, power is transferred from large to small scales [54] and the excess of
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Figure 7. Ratio of the nonlinear power spectrum (Pnl) to the predictions of the linear theory (Pl)
in BDE and ΛCDM at different redshifts. The symbols show the average across the five realizations
and the error bars indicate the standard deviation.
power in BDE is washed out leaving only a weak trace below 1% at z = 0 on the smallest
scales we were able to probe. The dilution of the peak proceeds early on before linear late-
time suppression becomes relevant. For example, although there is still more power in BDE
at z = 4, the difference with respect to ΛCDM in our simulations is already very distinct
from linear theory. However, once linear suppression comes into play it also drives the dif-
ference between the nonlinear spectra in our simulations, as shown by the (vertical) drift of
the markers between z = 0.8 and z = 0.2. Finally, at late times the difference in nonlinear
spectra decouple for linear suppression, as shown by the mild flattening of the markers at
z = 0 on the smallest scales.
We can compare the resulting effects of nonlinear interactions in both models through
the ratio [25]
R =
(Pnl/Pl)BDE
(Pnl/Pl)ΛCDM
, (4.1)
where each term Pnl/Pl accounts for the difference between the full spectrum measured in
our simulations and the linear theory in each case. Figure 7 shows this ratio at different
times. On large scales nonlinear corrections are small and therefore R ≈ 1 as expected.
On smaller scales, where nonlinear dynamics becomes dominant R < 1, which means that
(Pnl/Pl)ΛCDM > (Pnl/Pl)BDE and consequently the nonlinear corrections are more acute in
ΛCDM, thus diluting the gained power in BDE since the condensation epoch. Moreover,
nonlinear effects in ΛCDM are stronger at late times as shown in the plot, where R(z = 4) >
R(z  1) for the smallest scales.
4.3 Halo mass function
We built the halo catalogs in our simulations using the halo finder ROCKSTAR [55]. This code
identifies dark matter halos and substructures by implementing an extended version in the 6D
phase space of the Friends-of-Friends (FOF) algorithm, where overdense regions are identified
by grouping particles according to some linking length. The halo mass is defined as the mass
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Figure 8. Halo mass function (HMF) in BDE (blue) and ΛCDM (red) at different redshifts. In the
top panels the symbols show the average of the HMF measured in our simulations across the five
realizations, while the error bars indicate the standard deviation. We have selected halos consisting
of at least 100 DM particles, M200c > 100Mpart = 5.05×1011h−1M, with subhalos filtered out. The
solid curves show the predictions from the Sheth-Tormen formula [50] of equation (3.4). The lower
panels display the relative difference of BDE with respect to ΛCDM of the measured HMF in our
simulations (symbols) and the Sheth-Tormen formula (solid).
contained within a sphere of virial radius R∆c whose mean density is ∆c = 200 times the
critical density ρ¯c of the universe [56]
M200c =
4pi
3
∆cρ¯cR∆c (4.2)
To estimate the halo mass function we have considered parent halos consisting at least of 100
DM particles (M200c > 100Mpart), which yields a resolution in mass of 5.05 × 1011h−1M
and we also filtered subhalos out. Figure 8 shows our results. The symbols in the top panels
display the average across the five simulations, while the error bars indicate the standard
deviation. The solid lines are the predictions of the Sheth-Tormen fitting formula (3.4) with
the standard parameters A = 0.3222, a = 0.707 and q = 0.3. The lower panels show the
relative difference with respect to ΛCDM in each case.
We get accurate measurements of the halo mass function in our simulations for masses
between ∼ 1012h−1M and 1014h−1M corresponding to galactic-sized and small cluster-
sized halos, respectively. In all redshifts the halo mass function is larger in BDE in the
low-mass end of the plots by 4%. However, the difference with respect to ΛCDM decreases
with the mass and eventually there are fewer heavy halos in BDE, although the large error
bars due to the small number of structures in the high-mass end M200c & 1014h−1M don’t
allow us to draw further quantitative conclusions. Interestingly, the location of the crossing
point separating these two regions in the residuals shifts slightly to the right as we can see
by comparing the snapshots at z = 1 and z = 0. The BDE model has a stronger clustering
power on small scales since the initial time, which means that more small halos form in this
regime. On the other hand, large heavier structures form more slowly in BDE for the same
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Figure 9. Halo concentration parameter in BDE (blue) and ΛCDM (red) at different redshifts. In
the top panels the symbols show the average of the halo concentration parameter measured in our
simulations across the five realizations, while the error bars indicate the standard deviation. We have
selected massive halos consisting of at least 500 DM particles,M200c > 500Mpart = 2.52×1012h−1M
with subhalos filtered out. The solid curves are the best-fitting curves of the power-law function defined
in equation (4.4) with parameters given in table 2. The lower panels display the relative difference of
BDE with respect to ΛCDM of the halo concentration parameter measured in our simulations.
reason as P (k) is suppressed at small k, namely, structure formation on large scales is affected
strongly by the expansion history of the universe.
The Sheth-Tormen formula fits well the halo mass function measured in the simulations
and provides a fair estimate of the difference between BDE and ΛCDM. However, although
the excess of small structures in BDE and the excess of large structures in ΛCDM is well
captured by this formula, the crossing point in the residuals is shifted to the right, leading
to a slight offset with respect to the differences observed in the simulations, particularly
between M200c ∼ 1012h−1M and M200c ∼ 1013h−1M. A recalibration of the parameters of
the formula as well as a better estimate of the collapse overdensity (δc) in BDE could relieve
this discrepancy.
4.4 Halo concentration parameter
We measured the halo concentration parameter c200 in our catalogs by computing the ratio
c200 =
R200
rs
, (4.3)
where R200 is the virial radius given in eq. (4.2), and rs is the characteristic radius ob-
tained [55, 57] by fitting the halo to a Navarro-Frenk-White profile [58]. Figure 9 shows our
results. We have selected from our catalogs massive halos with at least 500 DM particles
(M200c > 500Mpart) to achieve a good compromise between resolution and halo statistics in
our simulations. In the top panel the symbols correspond to the mean values across the five
realizations, while the error bars indicate the standard deviation. The solid lines show the fit
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Model z = 1 z = 0.8 z = 0.5 z = 0.2 z = 0
α β α β α β α β α β
BDE 4.387 -0.037 4.841 -0.051 5.644 -0.063 7.204 -0.109 7.882 -0.112
ΛCDM 4.279 -0.032 4.743 -0.047 5.610 -0.065 7.049 -0.106 7.540 -0.100
Table 2. Best-fitting parameters of the power-law relation of equation (4.4) to the halo concentration
parameter measured in our simulations at different redshifts. These parameters were computed by
performing a non-linear least squares fit as implemented in the scipy library of the Python package.
to these data by the power-law function
c200(z,M) = α(z)
(
M
1012h−1M
)β(z)
, (4.4)
where the amplitude α and the slope β depend on the redshift. We compile the best-fit values
of these parameters in table 2. The lower panel shows the relative difference of BDE with
respect to ΛCDM in our simulations. We see that the concentration-mass relation in BDE
has the same features found in ΛCDM [57, 59, 60]: i) the relation flattens for increasing z
as reflected in the increasingly smaller values of the slope β at late times in table 2, ii) the
concentration of halos of fixed mass increases with time, as shown by the increasing values of
the amplitude α, and iii) the concentration of halos at a given redshift decreases with the mass,
as determined by the negative sign of β. The power-law function eq. (4.4) fits well the halo
concentration measured in our simulations, except in the low-mass end at z & 0.2, where the
function overpredicts the numerical results. However, we recall that the halo concentration-
mass relation measured in other simulations exhibits more complex features [57, 61–63] such
as a flattening and an upturn for large masses, as well as a positive slope for large redshifts,
which were beyond the reach of our simulations and require a more robust analysis.
As far as the difference between BDE and ΛCDM is concerned, we don’t find any sub-
stantial departure from ΛCDM, save a hint of more concentration in BDE by . 1% for
M200 . 1013h−1M. In any case, these results show the low sensitivity of the halo concen-
tration parameter to H, which suggests that clustering inside the halos is decoupled from the
general expansion once they form.
5 Summary and Conclusions
In this paper we studied cosmic structure formation in the Bound Dark Energy (BDE) model.
BDE is an alternative quintessence theory, where the scalar field describing DE is explained
at a fundamental level by physics beyond the Standard Model. In BDE we introduce a hidden
group of elemental light particles that are weakly coupled at high energies. These particles
condense into composite states when a critical energy scale Λc is reached and the gauge
coupling of the hidden group becomes strong. DE is represented by the lightest formed state,
which corresponds to a scalar meson particle described by a canonical scalar field φ with an
IPL potential V (φ) = Λ4+2/3c φ−2/3. The dynamics of DE and its cosmological implications
differ from other quintessence scenarios, such as the Ratra-Peebles potential. Particularly,
in BDE the expansion rate of the universe is affected not only at late times (as expected),
but also in the early universe soon after condensation occurs. Interestingly, this leads to
an enhancement (with respect to ΛCDM) of matter perturbations on small scales in linear
perturbation theory.
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The main issue we addressed in this paper was to investigate the impact of BDE on non-
linear structure formation through N-body simulations. Here we focused on the phenomenol-
ogy of the model rather than analyzing how it fits cosmological observations. In order to
identify the differences arising from the distinct DE dynamics, we compare our results with
ΛCDM simulations with the same setup and cosmological parameters. Our results show that
nonlinear gravitational interactions remove any trace of the enhancement predicted by linear
theory from the late-time matter power spectrum. This is because nonlinear corrections on
small scales are more pronounced in ΛCDM, thus compensating the initial gained power in
BDE after condensation. However, it is still possible to observe remnants of this signature
at redshifts within the reach of surveys. For example, at z = 4 the BDE spectrum has more
power than ΛCDM by 5% on scales k & 10h Mpc−1. On the other hand, the spectrum in
BDE is gradually suppressed on large scales as DE becomes dominant. At present time, the
suppression amounts to 2%.
The halo mass function measured in our simulations shows an excess of small halos
(M200c ∼ 1012h−1M) in BDE followed by a gradual suppression of heavy structures (M200c &
1014h−1M). These results suggest that nonlinear clustering proceeds more efficiently in
BDE on small scales, while the formation of large heavier structures is delayed because of the
general expansion. The Sheth-Tormen fitting formula provides a fair estimation of the halo
mass function in BDE and captures the difference with respect to ΛCDM with little need of
recalibrating its free parameters. The halo concentration parameter measured in BDE follows
the same behavior than standard ΛCDM and the concentration-mass relation is well fitted by
a power-law relation. However, we did not find substantial differences with respect to ΛCDM,
which suggests that clustering inside halos is decoupled from the general expansion once the
halos form.
In view of all these results, we conclude that BDE and ΛCDM are strongly degenerated
in the nonlinear regime of structure formation. However, we stress that our analysis was
limited to the case when both models run with the same set of cosmological parameters. It
might occur that when we compare realistic scenarios, the small differences we found here
become more pronounced. So far, the main source for discriminating BDE and ΛCDM comes
from BAO measurements [31, 32]. There is still the intermediate regime of voids where we
can look at. We leave this possibility for a future work.
Acknowledgments
We acknowledge the financial support from projects CONACYT Fronteras 281 and PASPA-
DGAPA UNAM. E.A. thanks the hospitality of the Institute for Computational Cosmology
(ICC) at Durham University for carrying out this research, Lydia Heck and Alastair Basden
for technical support and César Hernández and Octavio Valenzuela for useful comments and
discussions. This work used the DiRAC Data Centric system at Durham University, operated
by the Institute for Computational Cosmology on behalf of the STFC DiRAC HPC Facility
(www.dirac.ac.uk). This equipment was funded by BIS National E-infrastructure capital grant
ST/K00042X/1, STFC capital grants ST/H008519/1 and ST/K00087X/1, STFC DiRAC
Operations grant ST/K003267/1 and Durham University. DiRAC is part of the National
E-Infrastructure.
– 16 –
References
[1] Weinberg, D. H. et al. Observational probes of cosmic acceleration. Phys. Rep. 530, 87 – 255
(2013).
[2] Mortonson, M. J., Weinberg, D. H. & White, M. Dark Energy: A Short Review (2013).
1401.0046.
[3] Huterer, D. & Shafer, D. L. Dark energy two decades after: observables, probes, consistency
tests. Reports on Progress in Physics 81, 016901 (2017).
[4] Ade, P. A. R. et al. Planck 2015 results - XIII. Cosmological parameters. Astron. Astrophys.
594, A13 (2016).
[5] Weinberg, S. The cosmological constant problem. Rev. Mod. Phys. 61, 1–23 (1989).
[6] Martin, J. Everything you always wanted to know about the cosmological constant problem
(but were afraid to ask). C. R. Phys. 13, 566 – 665 (2012).
[7] Solà, J. Cosmological constant and vacuum energy: old and new ideas. J. Phys. Conf. Ser.
453, 012015 (2013).
[8] Copeland, E. J., Sami, M. & Tsujikawa, S. Dynamics of Dark Energy. Int. J. Mod. Phys. D
15, 1753–1935 (2006).
[9] Tsujikawa, S. Quintessence: a review. Class. Quantum Grav. 30, 214003 (2013).
[10] Clifton, T., Ferreira, P. G., Padilla, A. & Skordis, C. Modified gravity and cosmology. Phys.
Rep. 513, 1 – 189 (2012).
[11] Bamba, K., Capozziello, S., Nojiri, S. & Odintsov, S. D. Dark energy cosmology: the
equivalent description via different theoretical models and cosmography tests. Astrophys. Space
Sci. 342, 155–228 (2012).
[12] Joyce, A., Jain, B., Khoury, J. & Trodden, M. Beyond the cosmological standard model.
Physics Reports 568, 1 – 98 (2015).
[13] Linder, E. V. & Jenkins, A. Cosmic structure growth and dark energy. Monthly Notices of the
Royal Astronomical Society 346, 573–583 (2003).
[14] Mainini, R., Macciò, A. V., Bonometto, S. A. & Klypin, A. Modeling Dynamical Dark Energy.
The Astrophysical Journal 599, 24–30 (2003).
[15] Percival, W. J. Cosmological structure formation in a homogeneous dark energy background.
A&A 443, 819–830 (2005).
[16] Mehrabi, A., Basilakos, S. & Pace, F. How clustering dark energy affects matter perturbations.
Monthly Notices of the Royal Astronomical Society 452, 2930–2939 (2015).
[17] Kuhlen, M., Vogelsberger, M. & Angulo, R. Numerical simulations of the dark universe: State
of the art and the next decade. Physics of the Dark Universe 1, 50 – 93 (2012).
[18] Baldi, M. Dark Energy simulations. Physics of the Dark Universe 1, 162 – 193 (2012).
[19] Klypin, A., Macciò, A. V., Mainini, R. & Bonometto, S. A. Halo Properties in Models with
Dynamical Dark Energy. The Astrophysical Journal 599, 31–37 (2003).
[20] Dolag, K. et al. Numerical study of halo concentrations in dark-energy cosmologies. A&A 416,
853–864 (2004).
[21] Lokas, E. L., Bode, P. & Hoffman, Y. Cluster mass functions in the quintessential universe.
Monthly Notices of the Royal Astronomical Society 349, 595–602 (2004).
[22] Francis, M. J., Lewis, G. F. & Linder, E. V. Power spectra to 1 per cent accuracy between
dynamical dark energy cosmologies. Monthly Notices of the Royal Astronomical Society 380,
1079–1086 (2007).
– 17 –
[23] Casarini, L., Macciò, A. V. & Bonometto, S. A. Dynamical dark energy simulations: high
accuracy power spectra at high redshift. Journal of Cosmology and Astroparticle Physics 2009,
014–014 (2009).
[24] Grossi, M. & Springel, V. The impact of early dark energy on non-linear structure formation.
Monthly Notices of the Royal Astronomical Society 394, 1559–1574 (2009).
[25] Alimi, J.-M. et al. Imprints of dark energy on cosmic structure formation - I. Realistic
quintessence models and the non-linear matter power spectrum. Mon. Not. R. Astron. Soc.
401, 775–790 (2010).
[26] Courtin, J. et al. Imprints of dark energy on cosmic structure formation âĂŞ II.
Non-universality of the halo mass function. Monthly Notices of the Royal Astronomical Society
410, 1911–1931 (2011).
[27] de la Macorra, A. & Stephan-Otto, C. Natural Quintessence with Gauge Coupling Unification.
Phys. Rev. Lett. 87, 271301 (2001).
[28] de la Macorra, A. & Stephan-Otto, C. Quintessence restrictions on negative power and
condensate potentials. Phys. Rev. D 65, 083520 (2002).
[29] de la Macorra, A. Quintessence Unification Models from Non-Abelian Gauge Dynamics. J.
High Energy Phys. 2003, 033 (2003).
[30] de la Macorra, A. Realistic particle physics dark energy model. Phys. Rev. D 72, 043508
(2005).
[31] de la Macorra, A. & Almaraz, E. Theoretical and Observational Constraints of Bound Dark
Energy with Precision Cosmological Data. Phys. Rev. Lett. 121, 161303 (2018).
[32] Almaraz, E. & de la Macorra, A. Bound dark energy: Towards understanding the nature of
dark energy. Phys. Rev. D 99, 103504 (2019).
[33] Peebles, P. J. E. & Ratra, B. Cosmology with a Time Variable Cosmological Constant.
Astrophys. J. 325, L17 (1988).
[34] Ratra, B. & Peebles, P. J. E. Cosmological Consequences of a Rolling Homogeneous Scalar
Field. Phys. Rev. D37, 3406 (1988).
[35] Wetterich, C. Cosmology and the fate of dilatation symmetry. Nucl. Phys. B 302, 668 – 696
(1988).
[36] Betoule, M. et al. Improved cosmological constraints from a joint analysis of the SDSS-II and
SNLS supernova samples. Astron. Astrophys. 568, A22 (2014).
[37] Ross, A. J. et al. The clustering of the SDSS DR7 main Galaxy sample âĂŞ I. A 4 per cent
distance measure at z = 0.15. Mon. Not. R. Astron. Soc. 449, 835–847 (2015).
[38] Beutler, F. et al. The 6dF Galaxy Survey: baryon acoustic oscillations and the local Hubble
constant. Mon. Not. R. Astron. Soc. 416, 3017–3032 (2011).
[39] Gil-Marín, H. et al. The clustering of galaxies in the SDSS-III Baryon Oscillation Spectroscopic
Survey: BAO measurement from the LOS-dependent power spectrum of DR12 BOSS galaxies.
Mon. Not. R. Astron. Soc. 460, 4210–4219 (2016).
[40] Cooray, A. & Sheth, R. Halo models of large scale structure. Phys. Rep. 372, 1 – 129 (2002).
[41] Ma, C.-P., Caldwell, R. R., Bode, P. & Wang, L. The Mass Power Spectrum in Quintessence
Cosmological Models. Astrophys. J. Lett. 521, L1 (1999).
[42] Brax, P., Martin, J. & Riazuelo, A. Exhaustive study of cosmic microwave background
anisotropies in quintessential scenarios. Phys. Rev. D 62, 103505 (2000).
[43] Weller, J. & Lewis, A. M. Large-scale cosmic microwave background anisotropies and dark
energy. Mon. Not. R. Astron. Soc. 346, 987–993 (2003).
– 18 –
[44] Bean, R. & Doré, O. Probing dark energy perturbations: The dark energy equation of state
and speed of sound as measured by WMAP. Phys. Rev. D 69, 083503 (2004).
[45] Lewis, A., Challinor, A. & Lasenby, A. Efficient Computation of Cosmic Microwave
Background Anisotropies in Closed Friedmann-Robertson-Walker Models. Astrophys. J. 538,
473 (2000).
[46] Ma, C.-P. & Bertschinger, E. Cosmological perturbation theory in the synchronous and
conformal Newtonian gauges. Astrophys. J. 455, 7–25 (1995).
[47] Murray, S. G., Power, C. & Robotham, A. S. G. How well do we know the halo mass function?
Monthly Notices of the Royal Astronomical Society: Letters 434, L61–L65 (2013).
[48] Murray, S., Power, C. & Robotham, A. HMFcalc: An Online Tool for Calculating Dark Matter
Halo Mass Functions (2013). 1306.6721.
[49] Press, W. H. & Schechter, P. Formation of galaxies and clusters of galaxies by self-similar
gravitational condensation. Astrophys. J. 187, 425–438 (1974).
[50] Sheth, R. K., Mo, H. J. & Tormen, G. Ellipsoidal collapse and an improved model for the
number and spatial distribution of dark matter haloes. Monthly Notices of the Royal
Astronomical Society 323, 1–12 (2001).
[51] Teyssier, R. Cosmological hydrodynamics with adaptive mesh refinement - A new high
resolution code called RAMSES. A&A 385, 337–364 (2002).
[52] Crocce, M., Pueblas, S. & Scoccimarro, R. Transients from initial conditions in cosmological
simulations. Monthly Notices of the Royal Astronomical Society 373, 369–381 (2006).
[53] Colombi, S., Jaffe, A., Novikov, D. & Pichon, C. Accurate estimators of power spectra in
N-body simulations. Monthly Notices of the Royal Astronomical Society 393, 511–526 (2009).
[54] Ma, Z. The Nonlinear Matter Power Spectrum. The Astrophysical Journal 665, 887–898
(2007).
[55] Behroozi, P. S., Wechsler, R. H. & Wu, H.-Y. The ROCKSTAR phase-space temporal halo
finder and the velocity offsets of cluster cores. The Astrophysical Journal 762, 109 (2012).
[56] White, M. The mass of a halo. A&A 367, 27–32 (2001).
[57] Prada, F., Klypin, A. A., Cuesta, A. J., Betancort-Rijo, J. E. & Primack, J. Halo
concentrations in the standard Λ cold dark matter cosmology. Monthly Notices of the Royal
Astronomical Society 423, 3018–3030 (2012).
[58] Navarro, J. F., Frenk, C. S. & White, S. D. M. A Universal Density Profile from Hierarchical
Clustering. The Astrophysical Journal 490, 493–508 (1997).
[59] Bullock, J. S. et al. Profiles of dark haloes: evolution, scatter and environment. Monthly
Notices of the Royal Astronomical Society 321, 559–575 (2001).
[60] Muñoz Cuartas, J. C., Macciò, A. V., Gottlöber, S. & Dutton, A. A. The redshift evolution of
ÎŻ cold dark matter halo parameters: concentration, spin and shape. Monthly Notices of the
Royal Astronomical Society 411, 584–594 (2011).
[61] Zhao, D. H., Jing, Y. P., Mo, H. J. & Börner, G. Accurate universal models for the mass
accretion histories and concentrations of Dark Matter Halos. The Astrophysical Journal 707,
354–369 (2009).
[62] Klypin, A. A., Trujillo-Gomez, S. & Primack, J. Dark Matter Halos in the Standard
Cosmological Model: Results from the Bolshoi Simulation. The Astrophysical Journal 740, 102
(2011).
[63] Diemer, B. & Kravtsov, A. V. A universal model for halo concentrations. The Astrophysical
Journal 799, 108 (2015).
– 19 –
